The 3-step sulphur-iodine-based thermochemical cycle for splitting water is considered. The high-temperature step consists of the evaporation, decomposition, and reduction of H 2 SO 4 to SO 2 using concentrated solar process heat. This step is followed by the Bunsen reaction and HI decomposition. The solar reactor concepts proposed are based on a shell-and-tube heat exchanger filled with catalytic packed beds and on a porous ceramic foam to directly absorb solar radiation and act as reaction site. The design, modeling, and optimization of the solar reactor using complex porous structures relies on the accurate determination of their effective heat and mass transport properties. Accordingly, a multi-scale approach is applied. Ceramic foam samples are scanned using highresolution X-ray tomography to obtain their exact 3D geometrical configuration, which in turn is used in direct porelevel simulations for the determination of the morphological and effective heat/mass transport properties. These are incorporated in a volume-averaged (continuum) model of the solar reactor. Model validation is accomplished by comparing numerically simulated and experimentally measured temperatures in a 1 kW reactor prototype tested in a solar furnace. The model is further applied to analyze the influence of foam properties, reactor geometry, and operational conditions on the reactor performance.
INTRODUCTION
Thermochemical and hybrid thermo-electrochemical sulfur-based cycles have been proposed as an alternative route for the solar H 2 generation from H 2 O at relatively moderate temperatures but at the expense of a corrosive environment. Two sulfur-based water-splitting cycles are introduced: a hybrid (thermochemical/electrochemical) sulfur-based cycle and a 3-step thermochemical sulfur-iodine based cycle. Both cycles include the same high-temperature step described by the net chemical reaction: Sulfuric acid is evaporated and decomposed at approximately 610 K and the resulting SO 3 is reduced to SO 2 at 1500 K. The temperature of the SO 3 reduction step can be reduced when using catalysts such as Pt, Fe 2 O 3 , or mixtures of Pt and TiO 2 [23, 24] . In the hybrid sulfur-based cycle [25, 26] , the subsequent step is an electrochemical reaction of water and SO 2 [27, 28, 29, 30] , the Bunsen reaction, described by eq. (3) and taking place at 400 K, follows the high temperature step, resulting in two immiscible aqueous solutions consisting of aqueous sulfuric acid and HI. They are separated and piped to the decomposition reactions (4) and (1) . The former takes place at 400 to 600 K. 
The cycles work in a corrosive environment at high temperatures, therefore research has been focused on corrosion and high-temperature resistant materials, as well as membranes for product gas separation. As the temperatures needed are relatively moderate compared to other thermochemical water splitting cycles, the heat source for the high temperature step given by eq. (1) proposed initially was waste heat from nuclear power plants. Recently, solar driven evaporation and decomposition have gained attention. Two exemplary research projects funded by the European Commission are HYTEC [31] and HycycleS [32] . Equilibrium calculations of the reaction are shown in figure 1 for 0.1, 1 and 10 bar. Higher pressure shifts the equilibrium position to the left, due to Le Chatelier's principle. Theoretical maximum energy efficiency of 47% is achieved for the 3-step sulfur-iodine cycle [33] . Solar reactor concepts for the sulfuric acid evaporation and decomposition are based on honeycombs and RPCs [34] , and on shell-and-tube configuration with a packed (catalyst) bed [35] . A two chamber reactor allows for individual evaporation/decomposition and SO 3 reduction reactions [11] , as shown in figure 2 . The evaporation/decomposition reactor uses RPC as radiation absorber and the SO 3 reduction reactor uses a honeycomb structure. The porous structures provide efficient volumetric absorption of concentrated solar radiation and large specific surface area for evaporation, decomposition and reduction. Fig. 2 . Photo of the two-chamber evaporation/decomposition (left side) and SO 3 reduction reactor (right side).
In this paper, an evaporator/decomposition reactor model is developed following a multi-scale approach: (i) at the porelevel scale, where the morphological and heat/mass transfer characterization of the porous absorber is obtained based on the exact morphology obtained by tomography, and (ii) at the continuum scale, where the effective transport properties are used in a spatially-averaged reactor model coupling heat and mass transfer with fluid flow and chemistry.
PORE-LEVEL SCALE SIMULATIONS
The effective morphological and transport properties of a 20ppi (ppi = pores per inches, d nom = 1.27 mm) SiSiC foam sample, treated by a strut filling technique [1] , were investigated in detail elsewhere [2] . A short summary is given below. Computer tomography (CT) in conjunction with Monte Carlo (MC) and finite volume (FV) numerical techniques [2] [3] [4] [5] [6] [7] [8] were used to determine its effective morphological and transport properties. A rendered 3D sample of the digitalized foam sample is shown in figure 3 . Porosity, specific surface, pore size distribution and representative elementary volume are tabulated in 
CONTINUUM-SCALE SIMULATIONS 3.1. Model
The continuum model used to simulate the solar evaporation process in the porous foam is derived by spatially averaging mass, species, momentum and energy equations [9, 10] . Averaging models use the intrinsic average, defined as:
It is related to the superficial average by:
Additionally, the spatial averaging theorem [9] :
is applied. The foam absorber in the developed solar evaporator [11] is modeled in a 3D domain, as schematically shown in figure 4 . Only the foam, as the relevant part for heat and mass transfer within the reactor, is considered. The governing equations are formulated by spatial averaging of the governing equations in each phase of the foam. The energy equation for the solid phase is given by:
Mass, species, momentum and energy conservation in the fluid phase are given by:
The morphological and effective transport parameters (such as ε, A 0 , k e , h sf , K, F, …) in Eqs. (8)- (12) were determined in the previous characterization study [2] and can be readily plugged in. The equations are solved with a commercial CFD code [12] using a dual cell approach [13] . The front of the reactor's foam (corresponding to the inlet of the carrier gas and the solar radiation) is described by the xyplane at z = 0.04 m, while the outlet of the product gases is described by the xy-plane at z = 0 m. Tubes deliver the sulfuric acid to the foam center (approximately at z = 0.02 m), in counterflow to the carrier gas. The foam inlet (where carrier gas and solar radiation enters), foam outlet (marked by red boundary) and cut planes used later (marked by green and yellow boundaries) are shown. The three holes mark the inlet tubes for delivering sulfuric acid, in counterflow to the carrier gas.
Boundary conditions
The boundary conditions applied to Eqs. (8)- (12) are: at the acid inlet:
at the front:
at the outlet: For simplification, the reactor walls are assumed to be perfect diffuse reflectors, as justified by the high reflectance values of alumina [15] . The solar radiation entering through the aperture is given by its flux, q rad,in ". The spatial solar flux distribution is obtained by fitting a Gaussian distribution to the experimentally measured flux distributions at the aperture, shown in figure 5 . The directional distribution of the incident solar radiation can be approximated by a cone shaped distribution, as supported by modeling and measurements [16, 17] . For the DLR's solar furnace, the directional distribution is assumed to be uniform in a cone with half opening angle of 25°. The incident solar flux is reduced by 8% to account for the window transmittance in the wavelength region of interest, described by Eqs. (18) 
The transmitted fraction, Tr, is calculated by the reflectance, r, and transmittance, τ, of the window. Each of them is a function of the wavelength of the incident radiation, λ, and the refractive index of air and glass, n 1 and n 2 , respectively. θ and χ describe the inlet and outlet angle of the ray with respect to the surface normal vector. 
which accounts for the sensible heat and the evaporation enthalpy. Dissociation enthalpy of the acid is neglected in this first modeling approach.
Continuum results

Comparison to experiments
Temperature measurements from experimental campaigns performed at DLR's solar furnace [18] are used to validate the model and to estimate its accuracy. A 90 mmdiameter 40 mm-thickness foam was used. Thermocouples (type K) have been inserted into the foam from the back of the reactor to estimate an average temperature. Figure 6a shows a cutting plane through the foam center (z = 0.02 m, yellow plane indicated in figure 4b ) indicating the position of the thermocouples used for the temperature measurements, T 1 -T 6 . Thermocouple T 7 is located at the outlet. Measured temperatures, power input, and acid inflow are shown in figure   6b . The temperature and power input measurements are averaged over each run -beginning with the start of the acid inflow and ending with the stop of the acid inflow -resulting in an averaged, steady state temperature and an averaged power input, and corresponding standard deviations. Figure 7 compares the measured (averages and standard deviations) and the simulated temperatures for the experimental run, described in Table 4 . The discrepancies observed between the experimentally determined and numerically calculated temperatures at positions 4 and 6 are associated to asymmetric angular distribution of the incident radiation. The difference observed at position 5 is associated to degradation in the insulating material and, consequently, higher heat losses in the experiment than modeled. 
Reference case
The previously described case serves as the reference (baseline) case for the following parameter study. The conditions of the reference case are given by a total inflow of 2 ml/min diluted sulfuric acid (50 wt% H 2 SO 4 , 50 wt% H 2 O), a solar power input of 0.629 kW and a carrier gas inflow of 0.259 cm 3 /min. The temperature distributions in the xz-plane (through the center inlet tube, at y = 0, green plane indicated in figure 4b) for the two phases are shown in figure 8 . The carrier gas flowing in from the front (z = 0.04 m) at 300 K reaches the solid temperature within less the 5 mm. The temperature of a small fraction of the fluid phase at the acid inlet bellow the evaporation temperature of the acid indicates that the acid needs a finite amount of time to reach a hot surface and to be evaporated. 
Parameter study
Two efficiencies are defined. The energetic efficiency is based on the energy used to heat reactants and carrier gas and for the phase change: figure 11 . Decreasing the inlet radiative flux leads to lower temperatures in the foam but to higher efficiencies due to lower re-radiation losses. Radiative inlet power below 600 W doesn't allow for a complete evaporation. As expected, increasing the acid inflow leads to a decrease in temperature. At high mass flow rates, the lower temperatures result in limited reaction conversion, which in turn lead to a reduction in efficiencies. Changing the nominal pore diameter in a range typically available (10, 20 and 40 ppi corresponding to 2.53, 1.27 and 0.635 mm d nom ) while assuming that there are no significant changes in pore size distribution (morphology) and porosity has several effects on the transport properties of the foam. Increasing the pore size decreases the absorption of the foam [19, 20] , allowing the radiation to penetrate deeper into the foam and heating it more uniformly. A small increase in energetic efficiency is observed while the chemical efficiency stays constant due to the fact that all the incoming acid evaporates for all pore sizes analyzed, see figure  12 . Decreasing the pore size decreases permeability, and consequently increases the pressure drop in the foam, and increases Dupuit-Forchheimer coefficient [8, 21, 22] . This leads to an increase in residence time and tourtosity which allows heating up the fluid to higher temperatures. Increasing pore size leads to higher Nu numbers (see Table 2 ), allowing for a more efficient convective heat transfer. Nevertheless, these two processes are not dominant. Changes in pore size (at constant porosity and unchanged morphology) do not affect the effective conductivity of the foam [2] . Variations in foam design and their influence on the reactor's performance are shown in figure 13 . Decreasing the foam thickness leads to an increase in reactor performance due to the higher temperature reached in the foam. Increasing the diameter of the acid inlet tubes leads also to an increase in reactor performance and mean outlet temperature due to the fact that, with a constant inflow, the acid enters with reduced inlet velocity allowing for a more efficient heat transfer.
CONCLUSIONS
A 3D continuum heat/mass transfer model was developed for simulating the solar reactor for performing the high-temperature step of the S-I cycle. The effective transport properties of porous ceramic foam, determined by tomographybased direct-pore level simulations, were incorporated in the model. The effect of varying the foam properties, reactor geometry, and operational condition on the reactor's performance were analyzed. Decreasing the radiative input power and increasing the mass inflow led to increased reactor efficiency, but this trend reversed once the reduced temperatures did not allow for acid evaporation. Decreasing the foam thickness led to a superior reactor performance. Higher mean outlet temperatures were obtained for larger tube diameter of the acid inlet. This reduces the energy needed for the complete sulfur trioxide decomposition. The variation in the foam properties, e.g. variation in the nominal pore diameter at constant porosity and foam morphology, showed no significant effect on reactor efficiencies. The model can serve as a tool for reactor and process optimization.
